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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Experimental and theoretical studies have shown that the compressive residual stresses induced by shot peening, have been 
identified, generally, as the principal factor for fatigue strength improvement. However, it is worth noticing, that the initial 
induced compressive shot peening residual stresses may be redistributed and relaxed under mechanical, thermal or thermo-
mechanical cyclic loading. It is important to consider the relaxation phenomenon in the prediction of the fatigue behaviour of 
shot-peened parts.  This paper presents a numerical approach to evaluate the mechanical, thermal and thermo-mechanical 
relaxation of the compressive residual stresses induced by shot peening. 
Keywords: Shot peening, compressive residual stress, thermal relaxation, mechanical relaxation, thermo-mechanical relaxation; 
1. Introduction 
Controlled shot peening is a cold surface treatment widely used in automotive and aerospace industries SAE 
Publications (1964). Generally, shot peening is an effective method for improving the fatigue behaviour of 
mechanical components. The beneficial effects of this process are attributed to the Compressive Residual Stresses 
(CRS) fields and the surface work hard ning Fathallah et al. (2003) and Eleiche et al. (2001). However, the initial 
induced CRS fields may decrease and redistribute during cyclic loading. This phenomenon, called CRS relaxation, 
was divided into two stages: (i) the first stage, called elastic shakedown or quasi-static stage, due to plastic strains 
redistribution in the affected sub-layers, (ii) the second stage is a gradual relaxation due principally to the evolution 
of the mechanical properties under cyclic loading. CRS relaxation can occur due to mechanical, thermal or thermo-
mechanical loading. Many experimental studies were conducted to characterize the evolution of the CRS under 
thermal, mechanical and thermo-mechanical loading, Cao W (1989) and Jinxiang et al. (2010) and Zaroog et al. 
(2011). 
The relaxation of CRS induced by shot peening under mechanical cyclic loading has been studied by different 
authors Cao W (1989) and Eleiche et al. (2010). It has been established that the mechanical CRS relaxation depends 
on different factors, which are: (i) the amplitude of the cyclic loading, (ii) the load ratio, (iii) the number of the 
applied cycles and the cyclic characteristics of treated material Cao W (1989). Several studies have dealt with the 
problem of the thermal relaxation of CRS: Feng et al. (2009), Massmoudi (1999) and Berger et al. (1999).  It 
consists in exposing the shot-peened structure in recovery temperature (temperature lower than half the melting 
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1. Int oduc io  
Controlled shot peening is a cold surface treatment widely used in automotive and aerospace industries SAE 
Publications (1964). Generally, shot peening is an effective method for improving the fatigue behaviour of 
mechanical components. The beneficial effects of this process are attributed to the Compressive Residual Stresses 
(CRS) fields and the surface work hardening Fathallah et al. (2003) and Eleiche et al. (2001). However, th  initial 
induced CRS fields may d crease and redist ibute during cyclic loading. This phenomenon, called CRS relaxation, 
was divided into two stages: (i) the first stage, called elastic sh kedown or quasi-static stage, due to plastic strain  
redistribution i  the affected su -lay rs, (ii) the second stage is a gradual relaxation due principally to the evolution 
of th  mechanical pro erti s und r cyclic loading. CRS relaxation can occur due to mecha ical, thermal or thermo-
mechanical loading. M ny experimental studies were conducted to characterize the evolution of the CRS under 
thermal, mechanical and thermo-mechanical loading, Cao W (1989) and Jin iang et al. (2010) and Zaroog et al. 
(2011). 
The relaxatio  of CRS induced by shot pe ning under mechanical cyclic loading has been studied by different 
authors Cao W (1989) and Eleiche et al. (2010). It has been established that the mechanical CRS relaxation depends 
on different factors, which are: (i) the amplitude of the cyclic loading, (ii) the load ratio, (iii) the number of the 
applied cycles and the cyclic characteristics of treated material Cao W (1989). Several tudies have ealt with the 
problem of the thermal relaxation of CRS: Feng et al. (2009), Massmoudi (1999) and Berger et al. (1999).  It 
consists in exposing the shot-peened structure in recover  temperature (temp rature lower than half the melting 
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temperature) without any applied mechanical loading. It is observed that the most significant change in the 
distribution of CRS occurs at the surface of the treated structure Massmoudi (1999). The thermo-mechanical 
behaviour of shot-peened structure is generally related to the combination of thermal and mechanical loading. Some 
authors have studied the thermo-mechanical relaxation of the CRS induced by shot peening Evans et al. (2005) and 
Cao et al. (1994). However, they studied independently the thermal loading effect and the mechanical loading effect 
on the CRS relaxation Evans et al. (2005) and Cao et al. (1994). Few experimental investigations have studied the 
effects of the coupled thermo-mechanical loading on the CRS evolution Schulze (1996). Furthermore, a large 
relaxation of CRS was observed during the first fatigue cycle Feng et al. (2009) and Massmoudi (1999).  
The aim of this work is to analyze the effect of the CRS relaxation on the fatigue behaviour of shot-peened-parts by: 
(i) predicting the initial CRS induced by shot peening, (ii) predicting the change of the shot peening CRS during the 
first cycle of mechanical, thermal and thermo-mechanical loading. In order to validate the proposed approach, the 
case of based-Nickel super alloy material, Inconel 718 is considered in this study. 
2. Proposed Approach 
2.1. Simulation of controlled shot peening process 
The simulation of the shot peening process is carried out using the Finite Element Method (FEM). The analysis 
was performed by the commercial FE code ABAQUS. It consists of impacting the treated part, which is considered 
as a semi-infinite body, by a rigid spherical particle. General contact is defined between the entire top surface of the 
semi-infinite body and the spherical surface of the rigid shot. For the boundary condition, the bottom surface of the 
target has been fixed by encastre constraint and two symmetry planes applied on the vertical faces of the target has 
been considered as shown in Fig. 1. The target component was represented by a rectangular body with 1mm width, 
1mm length and 5mm height dimensions. It was meshed by means of eight-node brick solid elements. In order to 
improve the accuracy of the FE solutions, the contact region was refined with small elements. 
 
  
 
The Johnson-cook visco-elastic-plastic behaviour law was used Johnson (1983). It is represented by the 
following expression:  
Fig. 1. (a) Shot peening finite element model; (b) Mesh refinement region 
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mechanical components. The beneficial effects of this process are attributed to the Compressive Residual Stresses 
(CRS) fields and the surface work hardening Fathallah et al. (2003) and Eleiche et al. (2001). However, the initial 
induced CRS fields may decrease and redistribute during cyclic loading. This phenomenon, called CRS relaxation, 
was divided into two stages: (i) the first stage, called elastic shakedown or quasi-static stage, due to plastic strains 
redistribution in the affected sub-layers, (ii) the second stage is a gradual relaxation due principally to the evolution 
of the mechanical properties under cyclic loading. CRS relaxation can occur due to mechanical, thermal or thermo-
mechanical loading. Many experimental studies were conducted to characterize the evolution of the CRS under 
thermal, mechanical and thermo-mechanical loading, Cao W (1989) and Jinxiang et al. (2010) and Zaroog et al. 
(2011). 
The relaxation of CRS induced by shot peening under mechanical cyclic loading has been studied by different 
authors Cao W (1989) and Eleiche et al. (2010). It has been established that the mechanical CRS relaxation depends 
on different factors, which are: (i) the amplitude of the cyclic loading, (ii) the load ratio, (iii) the number of the 
applied cycles and the cyclic characteristics of treated material Cao W (1989). Several studies have dealt with the 
problem of the thermal relaxation of CRS: Feng et al. (2009), Massmoudi (1999) and Berger et al. (1999).  It 
consists in exposing the shot-peened structure in recovery temperature (temperature lower than half the melting 
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redistribution i  the affected sub-layers, (ii) the second stage is a gradual relaxation due principally to the evolution 
of the mechanical properti s und r cyclic loading. CRS relaxation can occur due to mecha ical, thermal or thermo-
mechanical loading. M ny experimental studies were conducted to characterize the evolution of the CRS under 
thermal, mechanical and thermo-mechanical loading, Cao W (1989) and Jin iang et al. (2010) and Zaroog et al. 
(2011). 
The relaxatio  of CRS induced by shot pe ning under mechanical cyclic loading has been studied by different 
authors Cao W (1989) and Eleiche et al. (2010). It has been established that the mechanical CRS relaxation depends 
on different factors, which are: (i) the amplitude of the cyclic loading, (ii) the load ratio, (iii) the number of the 
applied cycles and the cyclic characteristics of treated material Cao W (1989). Several tudies have ealt with the 
problem of the thermal relaxation of CRS: Feng et al. (2009), Massmoudi (1999) and Berger et al. (1999).  It 
consists in exposing the shot-peened structure in recover  temperature (temp rature lower than half the melting 
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temperature) without any applied mechanical loading. It is observed that the most significant change in the 
distribution of CRS occurs at the surface of the treated structure Massmoudi (1999). The thermo-mechanical 
behaviour of shot-peened structure is generally related to the combination of thermal and mechanical loading. Some 
authors have studied the thermo-mechanical relaxation of the CRS induced by shot peening Evans et al. (2005) and 
Cao et al. (1994). However, they studied independently the thermal loading effect and the mechanical loading effect 
on the CRS relaxation Evans et al. (2005) and Cao et al. (1994). Few experimental investigations have studied the 
effects of the coupled thermo-mechanical loading on the CRS evolution Schulze (1996). Furthermore, a large 
relaxation of CRS was observed during the first fatigue cycle Feng et al. (2009) and Massmoudi (1999).  
The aim of this work is to analyze the effect of the CRS relaxation on the fatigue behaviour of shot-peened-parts by: 
(i) predicting the initial CRS induced by shot peening, (ii) predicting the change of the shot peening CRS during the 
first cycle of mechanical, thermal and thermo-mechanical loading. In order to validate the proposed approach, the 
case of based-Nickel super alloy material, Inconel 718 is considered in this study. 
2. Proposed Approach 
2.1. Simulation of controlled shot peening process 
The simulation of the shot peening process is carried out using the Finite Element Method (FEM). The analysis 
was performed by the commercial FE code ABAQUS. It consists of impacting the treated part, which is considered 
as a semi-infinite body, by a rigid spherical particle. General contact is defined between the entire top surface of the 
semi-infinite body and the spherical surface of the rigid shot. For the boundary condition, the bottom surface of the 
target has been fixed by encastre constraint and two symmetry planes applied on the vertical faces of the target has 
been considered as shown in Fig. 1. The target component was represented by a rectangular body with 1mm width, 
1mm length and 5mm height dimensions. It was meshed by means of eight-node brick solid elements. In order to 
improve the accuracy of the FE solutions, the contact region was refined with small elements. 
 
  
 
The Johnson-cook visco-elastic-plastic behaviour law was used Johnson (1983). It is represented by the 
following expression:  
Fig. 1. (a) Shot peening finite element model; (b) Mesh refinement region 
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 (1) 
Where A is the yield stress, B is the coefficient of strain hardening, n is the strain hardening exponent, C is the 
strain rate sensitivity coefficient, Tmelt is the melting temperature, and m the thermal softening coefficient. 
Static FEM analysis has been adopted using energy equivalence between a dynamic impact and static indentation 
Johnson (1983). During the impact, it is assumed that the difference between the incident and the restored kinetic 
energies multiplied by the efficiency of the impact iK  W. Johson (1972) is equal to the plastic dissipated energy. 
For the case of normal impact ( 90   ), we have the following relation Cao et al. (1995): 
2
p i i r i
1w K w mV (1 e )K2     (2) 
Where w is the difference between the incident and the restored kinetic energies, k  is the efficiency of shock, m  
is the mass of the shot particle, iV  is the speed of the incident shot particle, re is the coefficient of restitution 
shot/material and  the angle of impingement. 
 
 
 
Fig. 2. Applied thermo-mechanical loading 
Assumptions 
 The principal assumptions employed in the shot peening FE model are: 
 The shot particles are considered rigid spheres of uniform radius. 
 The shot is supposed impacting the target surface at normal incidence 90   . 
 The area density of impact is considered uniform.  
4 Seddik. R/ Structural Integrity Procedia  00 (2016) 000–000 
 The behaviour law of the shot-peened parts is supposed viscous-elastic-plastic (The residual stress profile is 
obtained by taking the residual stress values from the z-depth nodes located on the central axis of the damped 
zone). 
 The velocity of the shot is assumed to be constant during the impact. 
 In the FE simulation the dynamic impact is replaced by a static indentation having the the same deformation 
energy.  
2.2. Simulation of the relaxation of CRS 
In the present work, we study the evolution of CRS under the first cycle, elastic shakedown stage, of thermal, 
mechanical and thermo-mechanical loading. The FE simulation of the elastic shakedown stage, which presents the 
most influential stage in the fatigue behaviour of the shot-peened part, has been performed by applying a cycle of 
loading to the shot-peened part (Fig.2). 
3. Results and discussion  
In order to validate this proposed approach, we are based on the available experimental results, for the case of the 
based-Nickel super-alloy material, Inconel 718.  The Johnson–Cook model experimental parameters are depicted in 
Table 1 Zemzmi (2007). The shot peening conditions used in this application are: shot type S230, shot velocity of 
180ms , peening-coverage of 100% and impingement angle of 90°. 
Table 1: Parameters of Johnson-Cook for Inconel 718 
Johnson–Cook parameters Values 
A(MPa) 450 
B(MPa) 1700 
C 0.017 
m 1.3 
n 0.65 
0

  
0.001 
Troom(k) 300 
Tmelt(k) 1570 
 
 
Fig. 3. The calculated and the X-ray residual stresses profiles in depth of the shot peened Inconel 718 
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3.1. Validation of shot peening FE model 
Fig.3 presents the iso-values of the calculated CRS obtained in-depth of the shot-penned Inconel 718 part. Fig.4 
presents a comparison between the investigated X-ray Batista (2000) and the computed CRS profiles. A good 
correlation between the computed and the experimental values is observed. 
3.2. Thermal relaxation 
The idea is to expose the shot-penned structure at a constant temperature T. Fig.4 presents a comparison between 
the investigated X-ray and the computed CRS profiles obtained under a thermal loading (T=650°C ) in-depth of the 
shot-peened Inconel 718 part (shot type S230, shot velocity of 180ms , peening-coverage of 100% and impingement 
angle of 90°). A good correlation between the computed and the experimental values Batista (2000) is observed. 
 
  
Figure.5 shows the change of CRS profiles under thermal loading for different level of temperature (850 ° C, 650 
° C, and 500 ° C). 
 
  
 
 
Fig. 4. The calculated and the X-ray residual stresses profiles in depth of the shot peened Inconel 718 under thermal loading (T=650°) 
Fig. 5. Evolution of CRS under thermal loading 
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Fig. 5 shows that the superficial and the in-depth CRS are relaxed in function of temperature. The important 
decrease of CRS occurs on the surface and in-depth, nevertheless the work-hardened depth does not change. 
3.3. Mechanical relaxation 
The FE simulation at the first stage of the mechanical CRS relaxation has been performed by applying one cycle 
of purely-alternate tension loading to the shot-peened part for different load levels (450MPa, 650MPa, 900MPa), the 
results of the simulation are shown in Fig. 6. 
 
 Fig. 6 shows that, the relaxation of CRS is proportional to the applied load level. These results are in good 
agreement with those published in the literature Cao et al. (1995). 
 
  
 
3.4. Thermal-mechanical relaxation 
 After the analysis of the effect of the thermal and the mechanical loads separately, we followed the evolution of 
the CRS induced by shot peening during a thermo-mechanical loading. The concept consists of applying a 
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3.1. Validation of shot peening FE model 
Fig.3 presents the iso-values of the calculated CRS obtained in-depth of the shot-penned Inconel 718 part. Fig.4 
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Figure.5 shows the change of CRS profiles under thermal loading for different level of temperature (850 ° C, 650 
° C, and 500 ° C). 
 
  
 
 
Fig. 4. The calculated and the X-ray residual stresses profiles in depth of the shot peened Inconel 718 under thermal loading (T=650°) 
Fig. 5. Evolution of CRS under thermal loading 
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Fig. 5 shows that the superficial and the in-depth CRS are relaxed in function of temperature. The important 
decrease of CRS occurs on the surface and in-depth, nevertheless the work-hardened depth does not change. 
3.3. Mechanical relaxation 
The FE simulation at the first stage of the mechanical CRS relaxation has been performed by applying one cycle 
of purely-alternate tension loading to the shot-peened part for different load levels (450MPa, 650MPa, 900MPa), the 
results of the simulation are shown in Fig. 6. 
 
 Fig. 6 shows that, the relaxation of CRS is proportional to the applied load level. These results are in good 
agreement with those published in the literature Cao et al. (1995). 
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mechanical loading (purely-alternate tension) coupled to a thermal loading (Fig. 2) on a shot-penned structure. As 
first case, the influence of thermo-mechanical loading has been studied for a load level σ = 450MPa and a 
temperature T = 650 ° C.  The obtained results are in good correlation and coherence with the available 
experimental investigations as shown in Fig. 7. 
The CRS distributions after different types of external loading: mechanical, thermal and thermo-mechanical, are 
represented in Fig. 8. 
 
Fig. 8: Thermo-mechanical relaxation of residual stresses 
Fig. 8 show that the relaxation of the CRS depends on the temperature and the level of the applied mechanical 
loading. It clearly shows the influence of the type of loading on relaxation of CRS. The fall of CRS is greater when 
the thermal and mechanical loadings are coupled together. These results are consistent with the physical 
observations and with those obtained by of X-ray diffractions analysis. 
It shows that the increasing of the applied load and temperature causes the deterioration of the fatigue strength of 
shot-peened parts. These observations are physically coherent. 
4. Summary 
 In this work, a numerical approach has been developed to evaluate the HCF behaviour of shot-peened part. It is 
based on three principle steps: (i) Implementation of the shot peening process, (ii) prediction of the change of the 
shot-peened surface proprieties during the first cycle of mechanical, thermal and thermo-mechanical loadings. The 
present model’s performance has been validated in the case of a shot-peened part of Ni base super-alloy Inoconel 
718. The obtained results are in a good agreement with the experimental observations. This approach is very 
interesting for engineering designers to predict the HCF of mechanical shot-peened components and to optimize the 
operating parameters of the shot peening process. 
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